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Introduction
Over the past few decades the increased level of awareness within health and physical fitness communities has created an emerging need for smart applications and comfortable/wearable devices that sense, classify, and provide feedback to users' activities of daily living in a pervasive fashion [1] [2] [3] [4] [5] [6] . In particular, physical motion, which is a fundamental aspect for categorizing person's current health and activity, can be detected and recorded by using wearable accelerometer-based systems [7, 8] . Their recent "disruptive impact" is mainly due to their small size, low-invasiveness and intuitiveness, relatively low cost, and easy integration with existing platforms for sensor networks. They are also able to effectively provide indicative features of human movement corresponding to frequency and intensity of motion, which is important to assess, for instance, static posture characteristics [9] .
An important field that may benefit from the use of a wearable monitoring inertial device is the sexual medicine, due to its consistent impact and influence on human life quality and the lack of quantitative and low-invasive monitoring systems for objective parameter analysis. Nowadays, basic and/or even invasive methodologies, often not compatible with sexual intercourse (SI), are used for diagnosing sexual disorders (e.g. premature ejaculation), such as simple stopwatches (mainly used for assessing the intravaginal ejaculation latency time parameter -IELT), invasive button-counter for calculating SI penetrations, and personal evaluation forms about the satisfaction level of the partner [10] [11] [12] [13] [14] .
Basing on the above premises, an inertial monitoring wearable platform, suggested and named HU-MOVE by the author CBF, was developed by the authors with the aim to sense, record and analyse inertial parameters for evaluating human sexual performance for diagnostic purposes. Although a large number of devices already exists and widely represents the state of the art of the inertial monitoring systems [15] [16] [17] [18] , a custom-made platform was developed for this specific application due to the need to have an open-platform for accurately designing and tuning the hardware, firmware and software in collaboration with physicians and with the final aim to develop a novel diagnostic tool in sexual medicine; it focuses on precise sexual performance medical specifications in terms of derived indexes, intuitiveness, comfort and confidentiality issues.
HU-MOVE is intended for SI use by a male human operator and ensures compatibility and minimum interference with the sexual activity to be monitored. The platform measures and derives significant motion parameters for precise quantization of the physical sexual activity based on the sensed acceleration data. HU-MOVE can be exploited for diagnosing pathologies, such as premature or delayed ejaculation, which are the most common male sexual disorders [13, [19] [20] [21] [22] [23] , potentially representing a fundamental tool for accurate diagnosis in supporting physicians in the monitoring and long term follow-up and along pharmaceutical or educational treatment activities.
Materials and methods

System overview
An inertial monitoring platform, named HU-MOVE, was designed and developed for figuring out human inertial parameters in sexual performance assessment; it consists of a low-invasive miniaturized wearable monitoring inertial device (WMID), a magnetic-based trigger (MBT) (Fig. 1a) and a high-level data analysis remote station. In the clinical practise of SIs, the WMID will be attached to the human back with a patch and the activation and deactivation phases will be comfortably managed by the MBT card as a magnetic-based remote control.
The WMID is composed of a rectangular-shaped rigid protective package, a custom-made electronic board, and a rechargeable battery; it is 60 mm in length and 36 mm in width and has an overall thickness of 8 mm.
The electronic system comprises a miniaturized flexible rectangular-shaped electronic board, which includes a microcontroller, a triaxial digital inertial sensor, a non-volatile memory card for data storing, a magnetic Hall-effect sensor and a reed electrical switch for the control stages and light-emitting diodes (LEDs) as the control feedback for the user.
Regarding the software implementation, a specific low-level C-language code was developed and implemented in the microcontroller to record the data from the inertial sensor in a memory card, to manage the power and activation stages of the device, and to provide correct feedback to the user.
The MBT comprises a permanent magnet (N42 NdFeB axially magnetized magnet -K&J Magnetics, PA, USA) integrated in a credit card-shaped case and used for triggering status changes of the device approaching the card closed to the WMID.
A high-level software data analysis remote control station was developed and implemented on a personal computer for sensor data analysis, parameter extraction and data organization.
An overview of the HU-MOVE platform architecture is presented in Fig. 1b , whereas a detailed description of the single modules of the system is provided in the next sections regarding electronic system design and software implementation, respectively. 
Electronic system design
A custom-made miniaturized electronic board was design and developed by integrating state of the art off-the-shelf components, in order to record and store data from an embedded accelerometer sensor. The board design and specifications were critically investigated due to the dimension constraints: the electronic board prototype is 27 mm in length and 36 mm in width and has an overall thickness (with components assembled) of about 3. A picture of the developed custom-made electronic board with the installed components is represented in Fig. 1c and its electronic CAD in Fig. 1d .
Software implementation
Software implementation consists of a low-level C-language code, integrated in the embedded microcontroller, and a high-level software data analysis remote control station.
Regarding the low-level code, a C programming language firmware was developed; the code is partitioned into three main operating blocks with specific functionalities, respectively named sleeping mode, waiting mode and recording mode and triggered by the MBT card.
Once the system is powered, the installed peripherals (i.e. microcontroller, accelerometer, magnetic Hall-effect sensor and SDHC memory card) are initialized and the system is led in sleeping mode; in this status, all the internal digital circuits powered by the voltage regulator are turned off. Sleeping mode was implemented for achieving overall low-power consumption, allowing the inertial system to be stored for a long time (i.e. at least 42 months storage in this stand-by condition).
Once the MBT is drawn up to the WMID (i.e. both sides indifferently), the reed switch component enables logic status change and the system switches to waiting mode status (flashing orange LED visual feedback). In this operating mode, the microcontroller and the magnetic Hall-effect sensor are activated and the system can switch to recording or sleeping mode depending on the MBT magnetic field polarity (green or red side on the magneticbased trigger - Fig. 1a ). Once the MBT is drawn near the WMID from the green side, the microcontroller and all the peripherals are activated, the system switches to recording mode but hereby evaluable in a less invasive manner during SI. IELT is extracted by the accelerometer signal but for a more accurate estimation the user will be asked to switch the worn system on just before the beginning of the SI and off after the ejaculation event by the MBT card.
System validation
The HU-MOVE platform was validated in terms of effectiveness and reliability through characterization on a controlled model and in a simulated intercourse condition on a human model with the aim to evaluate and tune the system for a forthcoming and realistic translation in the clinical practise.
System validation on a controlled model
The aim of the test is to evaluate the accuracy and reliability of acceleration and frequency calculation by the HU-MOVE platform with respect to an external high-precision laser displacement sensor benchmark (optoNCDT1401-10, Micro-Epsilon, Germany).
The WMID was properly fixed on an anthropomorphic robotic arm end-effector (RV-6SL, Mitsubishi Electric, Japan) and the controlled manipulator was programmed for performing Comparative errors between sensors were figured out and reported in the result section as the mean errors ± standard deviations (SDs) and ranges of error values. The raw data were analysed by the software routine presented in the materials and methods section, assessing the error ± SDs , mean values ± SDs, median and ranges of values for the IELT, estimation of SI penetrations, and signal significant frequency and calculating the error in comparison with the aforementioned expected outcomes. Finally, a questionnaire was submitted to the candidates for understanding the acceptance and invasiveness of the overall platform in the simulated SI.
System validation on a human model
Results
System validation on a controlled model
A consistent correlation between the accelerometer and displacement sensor data was observed during the controlled model test 1 (as represented in Fig. 3a and Fig. 3b 
System validation on a human model
Results on a human model assessed the effectiveness of the sexual performance evaluation platform and extracted parameters. The software routine figured out accurate parameters with a low error for IELT parameter, SI penetrations and signal significant frequency for the human model test 1, 2 and 3 respectively, in comparison with the expected outcomes imposed to the experiment conditions. Details about the mean values ± SDs, median, ranges of values, and error ± SDs for the derived parameters are reported in Table 1 , while a typical acceleration signal representation and SI penetration analysis is reported in Fig. 3c and Fig. 3d . Obtained outcomes also confirmed the project expectations in terms of usability and comfort, highlighted by the questionnaires that pointed out the low-invasiveness and acceptance of the device by the users. Table. 1. Results of the human model test 1, 2 and 3 as means ± standard deviations (SDs), median, ranges of values and errors ± SDs with respect to the expected outcomes (within the brackets).
Comment and conclusions
Diagnosis of sexual disorders in terms of premature or delayed ejaculation suggests and requires the use of a benchmark for measurement. Today, basic and/or even invasive methodologies, often not compatible with SI, are used for diagnosing sexual disorders (e.g. to be a comfortable, low-invasive and easy-to-use measurement system with the potentiality to be adopted as a standard tool for the sexual medical assessment; it has the benefit to be used during the sexual activity with the partner.
Future work will consist in the performance of an experimental investigation in a real operating environment on a large pool of non-pathological and pathological patients (also undergoing a pharmaceutical of educational treatment activity) for confirming the efficacy, suitability, low-invasiveness and acceptance of the system for human sexual performance assessment and dysfunctions diagnosis and also for improving the measurement system finely tuning and/or fixing the most representative parameters for effective analysis. Furthermore, the activity will allow deriving new diagnostic and therapeutic significant rules. For example, thanks to the insights on sexual disorders acquired by the HU-MOVE platform, it would be possible to develop a therapy system based on a controlled and sensed squeeze action of the urethra duct triggered by acceleration and/or pressure feedback. 
